Research Article 



789 



Regulation of behavioral circadian rhythms and clock 
protein PER1 by the deubiquitinating enzyme USP2 

Yaoming Yang 1 *, David Duguay 2 ' 3 '*, Nathalie Bedard 1 , Adeline Rachalski 2 ' 3 , Gerardo Baquiran 1 , Chan 
Hyun Na 4 , Jan Fahrenkrug 5 , Kai-Florian Storch 2 ' 3 , Junmin Peng 4 , Simon S. Wing 14 and Nicolas Cermakian 2 ' 3 '* 

Polypeptide Laboratory, Department of Medicine, McGill University and McGill University Health Centre Research Institute, Montreal, QC H3A 2B2, 
Canada 

2 Douglas Mental Health University Institute, Montreal, QC H4H 1 R3, Canada 
department of Psychiatry, McGill University, Montreal, QC H3A 1A1, Canada 

departments of Structural Biology and Developmental Neurobiology, St. Jude Proteomics Facility, St. Jude Children's Research Hospital, Memphis, 
TN 38105, USA 

5 Faculty of Health Sciences, University of Copenhagen, Copenhagen, DK-2400, Denmark 

"These authors contributed equally to this work 

*Authors for correspondence (nicolas.cermakian@mcgill.ca; simon.wing@mcgill.ca) 

Biology Open 1, 789-801 
doi: 10.1242/bio. 20121990 
Received 16th May 2012 
Accepted 25th May 2012 



Summary 

Endogenous 24-hour rhythms are generated by circadian clocks 
located in most tissues. The molecular clock mechanism is 
based on feedback loops involving clock genes and their 
protein products. Post-translational modifications, including 
ubiquitination, are important for regulating the clock feedback 
mechanism. Previous work has focused on the role of ubiquitin 
ligases in the clock mechanism. Here we show a role for the 
rhythmically-expressed deubiquitinating enzyme ubiquitin 
specific peptidase 2 (USP2) in clock function. Mice with a 
deletion of the Usp2 gene (Usp2 KO) display a longer free- 
running period of locomotor activity rhythms and altered 
responses of the clock to light. This was associated with altered 
expression of clock genes in synchronized Usp2 KO mouse 
embryonic fibroblasts and increased levels of clock protein 
PERIOD1 (PERI). USP2 can be coimmunoprecipitated with 



several clock proteins but directly interacts specifically with 
PERI and deubiquitinates it. Interestingly, this deubiquitination 
does not alter PERI stability. Taken together, our results 
identify USP2 as a new core component of the clock machinery 
and demonstrate a role for deubiquitination in the regulation of 
the circadian clock, both at the level of the core pacemaker and 
its response to external cues. 

© 2012. Published by The Company of Biologists Ltd. This is 
an Open Access article distributed under the terms of the 
Creative Commons Attribution Non-Commercial Share Alike 
License (http://creativecommons.0rg/licenses/by-nc-sa/3.O). 
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Introduction 

Daily oscillations exist for most behavioral and physiological 
functions of mammals, reflecting a need to coordinate these 
functions with recurrent changes in the environment. Such 
rhythms are generated and maintained by endogenous circadian 
clocks (Dunlap et al., 2004). The central clock in mammals, 
located in the suprachiasmatic nucleus (SCN) of the 
hypothalamus, coordinates with varying degrees of control the 
clocks found in other brain regions and most peripheral tissues 
(Cuninkova and Brown, 2008; Okamura, 2007). Two major 
features characterize clock function: the self-sustainability of the 
system as revealed by persistent circadian rhythm generation in 
the absence of environmental cues, and its capacity to respond to 
cues (such as light, temperature, feeding), which enables 
synchrony with environmental cycles (Dunlap et al., 2004). 

The molecular mechanism underlying these 24 h rhythms is 
based on transcriptional/translational feedback loops involving 
clock genes and proteins, and post-translational modifications of 
the clock proteins (Duguay and Cermakian, 2009; Reppert and 
Weaver, 2002). Essentially, BMAL1 and CLOCK proteins form a 
heterodimer that activates the transcription of genes including the 



Period (Per) 1 and 2 and Cryptochrome (Cry) 1 and 2 genes. The 
PER and CRY proteins accumulate in the cytoplasm where they 
are subject to post-translational modifications and subsequently 
enter the nucleus to repress the activity of CLOCK/BMAL 1 . 
Other regulatory loops exist, such as the ones formed by retinoic 
acid receptor-related orphan receptor (ROR) and REV-ERB 
factors that activate and repress Bmall transcription, 
respectively. The net effect of these loops is a rhythmic change 
in the activity of CLOCK/BMAL 1, which serves as a basis for 
the rhythmic expression of thousands of genes in various tissues 
and cell types, participating in numerous biological processes, 
such as cell cycle regulation and metabolism (Sahar and Sassone- 
Corsi, 2009). 

Clock proteins have short half-lives, a feature essential for 
their daily oscillations in abundance and activity. The ubiquitin- 
proteasome system appears to play an important role in mediating 
the rapid turnover of these proteins (Eide et al., 2005). In this 
pathway, ubiquitin becomes conjugated to target proteins through 
the sequential action of three types of enzymes - ubiquitin- 
activating enzymes (El), ubiquitin-conjugating enzymes (E2), 
and ubiquitin protein ligases (E3) (Glickman and Ciechanover, 
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2002; Kerscher et al., 2006; Pickart, 2001). E3s number in 
hundreds and play the critical role of recognizing the substrate for 
ubiquitination. Formation of polyubiquitin chains on substrates, 
particularly chains where the C-terminus of the distal ubiquitin 
moiety is linked to lysine 48 of the more proximal ubiquitin 
moiety, targets the substrate for recognition and degradation by 
the proteasome. Mammalian E3 ubiquitin ligase complexes 
have been shown to specifically regulate the stabilities of PER 
and CRY proteins. Depletion or mutation of the E3 substrate 
receptors P-TRCP1/2 results in stabilization of PER proteins 
and altered circadian rhythms in cultured cells (Grima et al., 
2002; Maier et al., 2009; Ohsaki et al., 2008; Reischl et al., 
2007; Shirogane et al., 2005). Similarly, loss-of-function 
mutations in mice of another E3 substrate binding protein, 
FBXL3, result in stabilization of CRY proteins and lengthening 
of the free-running period (Busino et al., 2007; Godinho et al., 
2007; Siepka et al., 2007), and recent data suggest that other 
ubiquitin ligases are probably involved in CRY regulation 
(Dardente et al., 2008; Kurabayashi et al., 2010). E3 ligases 
involved in REV-ERBa degradation have also recently been 
identified (Yin et al., 2010). 

Similar to other covalent modifications such as protein 
phosphorylation and methylation, protein ubiquitination is 
reversible. Deubiquitination is mediated by approximately one 
hundred deubiquitinating enzymes (DUBs), belonging to five 
families (Komander et al., 2009; Sowa et al, 2009). DUBs can 
remove ubiquitin from target proteins and thereby reverse the 
effects of ubiquitination. Thus, it is quite conceivable that DUBs 
could regulate clock proteins through removal of degradation 
signals attached by P-TRCP1/2, FBXL3 and other ligases. We 
previously cloned and characterized the DUB ubiquitin specific 
peptidase 2 (USP2) from rat testis (formerly, UBP-testis) (Lin 
et al., 2000; Lin et al., 2001). Examination of circadian microarray 
data reveals that the gene encoding USP2 has a highly rhythmic 
circadian expression pattern in multiple tissues (Kita et al., 2002; 
McCarthy et al., 2007; Oishi et al., 2005; Storch et al, 2002; Storch 
et al., 2007; Yan et al., 2008). This feature is shared with a very 
limited number of genes, including core clock components 
(Duffield, 2003; Yan et al., 2008). Furthermore, recombinant 
ubiquitin specific protease 41 (UBP41, a truncated isoform of 
USP2) can, in vitro, remove ubiquitin attached to BMAL1 (Lee 
et al., 2008) and more recently, overexpression of USP2 was 
observed to stabilize BMAL1 (Scoma et al., 2011). Therefore, we 
employed gene targeting and cellular studies to define more 
precisely the in vivo role of USP2 in circadian behavior and light 
response and its impact on the ubiquitination and regulation of 
clock proteins. We show that USP2 acts as an integral component 
of the circadian clock through deubiquitination of PERI , and that 
Usp2 gene deletion in mice leads to altered circadian behavior and 
expression of core clock components. 

Results 

Generation of Usp2 knock-out (KO) mice 

The Usp2 gene encodes two isoforms, USP2a and USP2b, 
69 kDa and 45 kDa respectively, which share a common core 
catalytic domain, but have distinct N-termini due to use of 
alternative promoters. Mice lacking functional USP2 were 
generated by gene targeting as previously described (Bedard 
et al., 201 1). These mice lack exons 4-6 of Usp2 gene (Ensembl 
Gene identifier ENSMUSG00000032010), which encode part of 



the common catalytic domain, including the active site cysteine 
residue essential for deubiquitination. Following backcrossing for 
at least 5 generations, heterozygous mice were then bred to 
generate homozygous Usp2 KO mice and wild-type (WT) 
littermates, all of them being viable with no apparent 
disturbances, except that Usp2 KO males were severely 
subfertile (Bedard et al, 2011). 

Altered behavioral rhythms in Usp2 KO mice 

The role of USP2 in the circadian system was first assessed by 
studying locomotor activity rhythms of Usp2 WT and KO mice 
in running wheel cages. Mice were first exposed to a 12 h 
light: 12 h dark (LD) cycle followed by constant darkness (DD). 
Under LD conditions, levels of total daily locomotor activity, 
percentage of activity recorded during daytime and phase angle 
of activity offset were not significantly different between 
genotypes, although mean values of all parameters were 
slightly increased in Usp2 KO mice (Fig. 1A; Table 1). Under 
LD cycle conditions, Usp2 KO mice started running significantly 
later than WT littermates relative to lights off, i.e. the phase angle 
of activity onset was altered. In DD, Usp2 KO mice retained 
rhythmicity, normal overall activity levels and percentage of 
activity during the subjective day (Table 1). However, the free- 
running period (t), a key intrinsic characteristic of the central 
circadian clock, was significantly increased in Usp2 KO mice 
(Fig. 1B,C; Table 1) (also reproduced in an additional group of 
mice, data not shown), suggesting the involvement of USP2 in 
the molecular clockwork. 

To test whether USP2 is also involved in entrainment of the 
clock to external cues, we assessed its response to light in Usp2 
KO and WT mice. Usp2 KO mice entrained more slowly than 
WT littermates to a 6 h advance of the LD cycle (i.e. the lights 
off and lights on occur 6 h earlier in the new LD cycle, 
mimicking eastward travel; KO, 7.0±1.1 d; WT, 4.3 ±0.7 d; 
p= 0.017) (Fig. 2A, lower left panel, and bottom of the 
actograms), while the same mice showed faster entrainment to 
a 6 h delay (i.e. the lights off and lights on occur 6 h later in 
the new LD cycle, mimicking westward travel; KO, 
2.8±l.ldays; WT, 4.9±0.5 days; p=0.029) (Fig. 2A, upper 
left panel, and top of the actograms). Interestingly, when we 
assessed the responses of Usp2 KO mice to short light pulses 
across the daily cycle, we observed alterations that were 
consistent with their behavioral responses to shifts of the LD 
cycle (Fig. 2B). Indeed, Usp2 KO mice had a significantly 
increased response to a light pulse in the early night producing 
a phase delay (Circadian time, CT14), but significantly reduced 
responses to phase-advancing light pulses in the later part of the 
night (CT20-24). Similar observations in these parameters were 
made with another set of animals with a purer genetic 
background (data not shown). Together, these data indicate 
that USP2 is required for adequate responses of the clock to 
photic cues as well as setting clock speed. 

Altered gene expression rhythms in Usp2 KO mouse embryonic 
fibroblasts (MEFs) 

To test if the abnormal circadian behavior found in Usp2 KO 
mice is associated with changes in the molecular clockwork, we 
studied clock gene RNA expression in Usp2 KO and WT MEFs 
synchronized with a serum shock, a typical method used to assess 
molecular clock function in cultured cells. Rhythmic expression 
of Perl, Per 2 and Bmall mRNA was observed in both the WT 
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Fig. 1. Disruption of Usp2 increases mouse free-running period. (A) Wild-type and Usp2 KO mice were entrained under a 12:12 LD (12 h light, 12 h dark) cycle 
and their locomotor activity was recorded over 10 d. The average amounts of wheel revolutions over 24 h (Zeitgeber time, ZT0 is the time of lights on) during these 
10 d were calculated in 6 min time bins for both genotypes. WT, n=9; KO, «=6. (B) Wild-type and Usp2 KO mice were transferred to constant darkness (DD) and 
locomotor activity recordings from days 3 to 14 in free running conditions were used to assess their internal period length with the Chi 2 periodogram analysis. 
(C) Representative actograms of wild-type and Usp2 KO mice entrained under a 12:12 LD cycle followed by DD. The bar above each actogram represents the 
lighting regimen in LD (white boxes indicate presence of light, dark boxes indicate nighttime). Transition to DD is indicated by the line on the right of the actograms. 



Table 1. Running wheel activity characterization of Usp2 KO mice. 

Parameter WT a KO a P value b 



Activity levels 



LD (wheel counts/24 hrs) 


33385±1932 


39029±3231 


0.054 


DD (wheel counts/24 hrs) 


27611 ±2790 


30915±1942 


0.185 


% of activity during day 


2.9±1.4 


7.8±5.2 


0.130 


% of activity during subjective day 


14.2±5.8 


24.8±12.3 


0.180 


Phase of activity in LD 








phase angle of onset (min relative to ZT12) 


2.9±0.7 


6.8±1.9 


0.046 


phase angle of offset (min relative to ZT0) 


1.2±13.7 


19.2±28.0 


0.252 


Running bouts 








Average bout length (min) 


241.0±35.0 


372.3±89.8 


0.158 


Average count/bout 


13176±2037 


22413±5696 


0.108 


Average peak speed 


63.4±3.0 


70.0±4.8 


0.237 


Bouts/day 


2.9±0.3 


2.2±0.3 


0.170 


Endogenous period (h) 


23.39±0.08 


23.64±0.03 


0.010 


Entrainment to a new LD cycle 








following a 6 h advance (d) 


4.3±0.7 


7.0±1.1 


0.017 


following a 6 h delay (d) 


4.9±0.5 


2.8±1.1 


0.029 


Phase-response curve 








pulse at CT8 (phase shift, min) 


3.6±5.4 


0.6±9.0 


0.379 


pulse at CT14 (phase shift, min) 


-46.8±9.6 


-90.6±6 


0.002 


pulse at CT20 (phase shift, min) 


34.2±6 


3±6.6 


0.002 


pulse at CT22 (phase shift, min) 


26.4±4.8 


6.6±10.8 


0.036 


pulse at CT24 (phase shift, min) 


8.4±3.6 


1.8±5.4 


0.150 



a WT, n = 9; KO, n = 6. Shown are means ± SEM. 

b Student's t test. Parameters with statistically significant (P<0.05) comparisons are in bold. 
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Fig. 2. Disruption of Usp2 alters both the entrainment 
properties of mice and their responses to light pulses. 

(A) Entrainment following shifts in the light:dark cycle. 
Wild-type and Usp2 KO mice were first entrained to a 
12:12 LD cycle for 10 d prior to being exposed to a 6 h 
delay of the LD schedule. Animals were then left to re- 
entrain to the new schedule. The numbers of days required 
for entrainment and the phase shift observed every day 
were evaluated (using the offsets of activity as a marker of 
phase, because the onsets of activity are likely masked by 
light). Once fully entrained for several days, animals were 
exposed to a 6 h phase advance and the same parameters 
were measured (using the onsets of activity as a marker of 
phase). Representative actograms for both genotypes are 
shown on the right. White indicates presence of light, and 
grey/black indicates lights off. *: P<0.05 (2-way ANOVA 
followed by post-hoc analysis). (B) Phase-response curves 
of response to light of wild-type and Usp2 KO mice. For 
each light pulse administered at different circadian times 
(CT8, CT14, CT20, CT22, and CT24), animals were 
entrained to a LD 12:12 cycle for 2 weeks before being 
released in constant darkness for 10 d. The pulse 
(~ 200 lux) was administered on the first night after the 
end of LD or on the first subjective day in DD, and phase 
shifts were calculated. Representative actograms for both 
genotypes exposed to a light pulse at CT14 are shown on 
the right. *: P<0.05 (t-test between genotypes for each 
time point). 
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Fig. 3. Disruption of Vsp2 alters the circadian expression of clock genes. Wild-type and Usp2 KO MEFs were grown to confluence and synchronized with a serum 
shock. Cells were serum-starved overnight and exposed to 50% horse serum for 2 h, followed by serum-free medium. At the indicated times, cells were processed for 
RNA extraction and RNA was used in reverse transcription followed by quantitative PCR for clock genes Perl, Per2 and Bmall. Relative expression was normalized 
to P-actin and calibrated to a time 0 WT sample. «=4 per time point. Two-way ANOVAs: Perl: time P<0.0001, genotype p=0.145, interaction p=0.1454; Per2: 
time P<0.0001, genotype p=0.0121, interaction p=0.0003; Bmall, time /'<0.0001, genotype p=0.0279, interaction P-C0.0001. Post-hoc tests (Bonferroni post- 
tests): **, i 3 <0.01 ; ***, P-cO.OOl. The experiment was done twice, with similar results. 
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and KO cells. However, peak Per2 and Bmall mRNA levels were 
significantly reduced in Usp2 KO MEFs (Fig. 3, middle and right 
panels), while Perl mRNA levels were not significantly different 
between genotypes (Fig. 3, left panel). 



USP2 interacts directly with PER1 

The running wheel data and the expression of clock components 
in MEFs together indicate a role for USP2 in the molecular 
clockwork. Therefore, we next attempted to define how USP2 
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Fig. 4. See next page for legend. 
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could affect the function of clock components. First, we asked 
whether USP2 could interact with clock proteins. Co- 
immunoprecipitation (Co-IP) experiments performed on 
transfected cells revealed association of both USP2a and USP2b 
with PERI, PER2, CRY1, CRY2 and BMAL1 (Fig. 4A,B). 
Another deubiquitinating enzyme, USP3, did not interact with 
PERI (data not shown). Clock proteins are often found in multi- 
protein complexes (Lee et al., 2001). To test if these interactions 
were direct, each of the clock proteins was expressed by in vitro 
translation and incubated with USP2a, USP2b, or USP2 core 
region. Reciprocal immunoprecipitation of USP2a or USP2b and 
clock proteins resulted in co-precipitation of USP2a and USP2b 
with PERI but none of the other clock proteins (Fig. 4C). Further 
co-IP experiments found that the common catalytic core region 
was sufficient for the interaction (data not shown). These findings 
show that USP2 binds PERI directly and indicate that the 
interaction of USP2 with the other clock proteins is indirect and 
possibly occurring within a complex that contains components 
known to participate in the main negative feedback loop of the 
circadian clock, including PERI . 

PER1 is ubiquitinated in cells and is a physiological substrate 
of USP2 

Previous studies have shown that PERI can be ubiquitinated 
(Shirogane et al., 2005). We therefore decided to confirm this 
finding and determine whether USP2 can modulate this 
ubiquitination. When His-tagged PERI was expressed in 
HEK293 cells, immunoblotting of the cell lysate revealed two 
isoforms of PERI (Fig. 5A, second lane). The faster migrating 
isoform corresponded in size to the predicted 136 kDa molecular 
weight of PERI. However, surprisingly, most of the 
immunoreactivity migrated as a broad band of approximately 
200 kDa (Fig. 5A, lanes 2—4). These bands were observed with 
antibodies directed against the epitope tag as well as with anti- 
PER1 antibodies (Fig. 5B) confirming the identity of these bands. 
In addition, fainter bands of similar size were observed in cells 
transfected with empty vector, when using the anti-PERl 
antibody but not the anti-V5 tag antibody, showing that 
endogenous PERI also exists as similar isoforms. To determine 
whether the larger —200 kDa isoform may represent 
ubiquitinated PERI, the cells were transfected with plasmids 
expressing both His-tagged PERI and HA-ubiquitin. The PERI 
was affinity isolated with Ni-NTA beads under denaturing 
conditions and immunoblotted with anti-HA antibodies 
(Fig. 5A). A strong signal in the ~200 kDa region confirmed 
that PERI is ubiquitinated. Using less concentrated SDS-PAGE 
to better resolve this high MW region, multiple immunoreactive 
bands were visible, consistent with ubiquitination of the protein 
(Fig. 5C). We confirmed this with additional studies using 
distinct approaches. First, we transfected the PERI plasmid in a 
U20s cell line that can express shRNAs against ubiquitin genes 



upon exposure to tetracycline (Xu, M. et al., 2009). Upon 
tetracycline treatment, ubiquitin levels fell as expected and this 
was associated with a decrease in the level of the 200 kDa PERI 
form. Furthermore, re-expressing ubiquitin in these cells 
increased the levels of this form, arguing that this band indeed 
represents ubiquitinated PERI (Fig. 5D). PERI is also known to 
be phosphorylated (Akashi et al., 2002; Takano et al., 2004). To 
confirm that this slower-migrating PERI is not solely due to 
phosphorylation, we isolated PERI from cell lysates by IP and 
treated it with alkaline phosphatase. This treatment resulted in a 
decrease in the size of slow-migrating PERI, which nevertheless 
remains larger than 136 kDa with discrete bands visible 
(Fig. 5E). Finally, PERI was isolated under denaturing 
conditions and subjected to SDS-PAGE. The band at 
~ 136 kDa and the gel region above were excised separately 
and subjected to trypsin digestion followed by liquid 
chromatography and mass spectrometric analysis of the 
peptides (Table 2). The analysis demonstrated that PERI and 
ubiquitin were the most abundant proteins in the samples and 
were absent in control samples prepared from vector-transfected 
cells. Peptides identified for the —136 kDa form originated from 
most of the PERI protein except for the extreme amino and 
carboxy terminal ends. In addition, the V5 tag used to isolate 
PERI for mass spectrometry analysis was located at the C- 
terminal end. The only region not positively identified in the 
— 136 kDa form of PERI was the first 68 amino acids, making it 
very unlikely that this form arises simply as a degradation 
product of the —200 kDa form (data not shown). As expected, 
more ubiquitin was present in the high molecular weight region 
above the 136 kDa area where ubiquitinated PERI had been 
detected by immunoblotting (Table 2). This confirmed the purity 
of the affinity isolation of PERI as well as its ubiquitination. 

We next tested whether USP2 could modulate the ubiquitination 
of PERI . A first indication of this was that the form of PERI found 
to interact with USP2 in the co-IP assays (Fig. 4B) was the slower- 
migrating form. His-tagged PERI and HA-tagged ubiquitin were 
expressed with or without co-expression of USP2a or a catalytically 
inactive (CA) mutant form (Fig. 5F). Overexpression of USP2a, 
but not the inactive CA mutant, resulted in lower levels of the 
—200 kDa ubiquitinated form of PERI . This reduction in the 
—200 kDa form in the presence of USP2 is not due to changes in 
Perl mRNA levels, as confirmed by RT-PCR analysis (data not 
shown). Affinity isolation of the PERI and blotting with anti-HA to 
detect ubiquitin confirmed again that this —200 kDa band was 
ubiquitinated PERI and that the expression of USP2a decreased its 
level (Fig. 5F, compare lane 1 to lane 3). Expression of the USP2b 
isoform yielded a similar result (Fig. 5G) supporting the conclusion 
from our co-IP studies (Fig. 4) that recognition of PERI by USP2 is 
not dependent on the distinct N-termini. Importantly, two other 
deubiquitinating enzymes USP19 and USP3, did not decrease 
levels of the ubiquitinated form of PERI (Fig. 5G) indicating that 



Fig. 4. USP2 interacts directly with PERI and co-immunoprecipitates with other clock proteins. (A) HEK293 cells were transfected with plasmids expressing 
PER-V5, CRY-HA or Myc-BMALl, HA- or Flag-tagged USP2 isoforms, or the corresponding empty vector. Whole-cell lysates were subjected to 
immunoprecipitation (IP) of the clock protein using anti-tag antibodies, followed by immunoblotting (IB) with the indicated antibodies to detect the USP2 isoform. 
Equal transfection of HA- or Flag-tagged USP2 was verified by IB on cell lysates (input). Each experiment was performed in duplicate and repeated twice, with 
similar results. (B) Reciprocal co-IPs were performed on same set of whole-cell lysates as in (A), using an antibody to precipitate the USP2 isoform followed by 
immunoblotting with the indicated antibodies against the clock protein. The experiment was performed in duplicate and repeated twice, with similar results. (C) USP2 
directly interacts with PERI in vitro. Clock proteins PER1-3, CRY1-2, BMAL1, and USP2a, 2b and core region were translated in vitro in the presence of 35 S- 
methionine using a reticulocyte lysate system (input). Reciprocal IPs were performed on mixtures of the in vitro translated USP2 and individual clock proteins. USP2 
core region was used in IP of CRYs instead of USP2a because USP2a migrates very close to CRYs in SDS-PAGE. The immune complexes were separated by 5-10% 
SDS-PAGE and analyzed after autoradiography. The experiment was done two or three times with similar results for each pair of proteins. 
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Fig. 5. See next page for legend. 
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Table 2. Mass spectrometric analysis of PERl a . 

Identified proteins in indicated mass range of gel 

-136 kDa >136kDa 
Accession No. No. of Pept. AI No. of Pept. AI MW Annotation 

PERI -expressing cells 



NP_001029102.1 


2 


6.7 


4 


13.5 


g 


ubiquitin 


NP_002607.1 


26 


9.6 


15 


5.5 


136 


period 1 


NP_444513.1 


1 


4.5 


1 


4.5 


11 


dermcidin preproprotein 


NP_001611.1 


6 


0.5 


17 


1.4 


629 


AHNAK nucleoprotein isoform 1 


NP_066267.2 


0 


0 


2 


0.2 


480 


ankyrin 3 isoform 1 


Control cells 














NP_444513.1 


0 


0 


3 


13.6 


11 


dermcidin preproprotein 


NP_000079.2 


4 


1.4 


4 


1.4 


139 


alpha 1 type I collagen preproprotein 


NP_001611.1 


2 


0.2 


0 


0 


629 


AHNAK nucleoprotein isoform 1 



a HEK293 cells were transfected with plasmid encoding PER1-V5 or empty vector (control cells). After 48 h, cells were lysed and PER1-V5 
immunoprecipitated under denaturing conditions and the eluates resolved by SDS-PAGE and stained with Coomassie blue. Gel bands around 136 kDa and above 
were excised and subjected to proteomic analysis as described in Materials and Methods. Numbers of peptides (Pept.) identified for each protein are shown, as 
well as the abundance index (AI), which estimates the relative abundance of each protein by normalizing the number of peptides identified to its molecular mass; 
AI = [#peptides/MW protein] x 50 kDa (average protein size). Dermcidin preproprotein and AHNAK nucleoprotein isoform 1 are commonly found contaminants 
and were also present in the vector transfected control sample. Ankyrin3 was present in only a trace amount. The only significant specific proteins isolated in the 
PERI -expressing sample were PERI and ubiquitin. 



this deubiquitinating activity was specific to USP2. Interestingly, 
this loss of the —200 kDa ubiquitinated form of PERI did not lead 
to accumulation of the — 136 kDa form, suggesting that USP2 
mediated deubiquitination of PERI may result in other 
modifications such as sumoylation or alternative ubiquitination 
that targets for degradation such as occurs with A20-mediated 
deubiquitination of the signaling protein RIP (Wertz et al., 2004). 

To explore the effect of loss of USP2 on PERI levels, we 
examined PERI protein expression in lysates of unsynchronized 
MEFs from WT or Usp2 KO mice. Levels of the —200 kDa form 
of PERI were indeed higher in the Usp2 KO samples and 
migrated as a broader, slower migrating band consistent with 
increased ubiquitination (Fig. 5H). These findings argue strongly 
for a physiological role of USP2 in the deubiquitination of PERI. 
When the clocks in the MEF cells were synchronized with a 
serum shock, the KO samples again demonstrated a higher level 



of PERI protein, but in addition, the rhythmicity of PERI 
expression appeared blunted (Fig. 51). The increased levels of 
PERI protein in the absence of an increase in Perl mRNA levels 
(Fig. 3) is also consistent with this effect being due to a post- 
transcriptional mechanism such as decreased deubiquitination in 
the absence of USP2. 

Deubiquitination of PER1 by USP2 does not stabilize it 

The large amount of steady state ubiquitinated PERI suggested 
that it was not being rapidly degraded. Indeed when Usp2 KO or 
WT MEFs were exposed to the proteasome inhibitor MG132 for 
up to 6 h prior to harvesting, the relative amounts of high 
molecular weight ubiquitinated PERI did not increase 
significantly, suggesting that most of the ubiquitinated PERI is 
not susceptible to rapid degradation by the proteasome (Fig. 6A). 
Supporting this, we observed that co-transfecting the HEK293 



Fig. 5. PERI is ubiquitinated in cells and is a substrate of USP2. (A) PERI is ubiquitinated in cells. PERl-V5(His) 6 was co-expressed with HA-Ub in HEK293 
cells. Cells were treated without or with proteasome inhibitor MG132 for 6 h to accumulate ubiquitin-conjugated proteins and then lysed under denaturing conditions. 
His-tagged PERI was affinity-isolated with Ni-NTA agarose beads and blotted with anti-HA antibody to detect ubiquitinated PERI (lower panel). A broad band of 
approximately 200 kDa was found to be the major form of PERI. This experiment was done twice, with similar results. (B) PERI is expressed in cells as two major 
isoforms, of — 136 kDa and ~200 kDa. HEK293 cells were transfected with empty plasmid or plasmid expressing V5-tagged PERI. Lysates were then analyzed by 
immunoblotting with either anti-V5 or anti-PERl antibody. (C) High molecular weight (MW) PERI contains multiple bands. HEK293 cells were transfected and 
whole cell lysates were prepared as in (A), PERI was immunoprecipitated with anti-V5 antibody. The immune complexes were separated by 5% SDS-PAGE to 
resolve proteins in high molecular weight region, immunoblotted with anti-HA antibody to detect ubiquitinated PERI (upper panel), and re-blotted with anti-V5 
antibody (lower panel). Multiple ubiquitinated PERI bands were found to migrate in the gel region around 200 kDa. (D) High MW PERI is regulated by the 
abundance of ubiquitin in cultured cells. PERl-V5(His) 6 was expressed in U20s-shUb and U20s-shUb-HAUbWT cells, which were treated with tetracycline to 
induce expression of the shUb to silence the endogenous ubiquitin genes in both cell lines and simultaneously induce the expression of HA-tagged ubiquitin in the 
U20s-shUb-HAUbWT cell line. The ratio of the ubiquitinated to the non-ubiquitinated form of PERI was determined. This experiment was done twice, with similar 
results. (E) PER1-V5 was expressed in HEK293 cells and the cells were treated with MG132 for 6 h prior to lysis in the absence of phosphatase inhibitors. PER1-V5 
was immunoprecipitated with anti-V5 antibody, incubated with alkaline phosphatase, resolved on 5-10% SDS-PAGE, and blotted with anti-V5 antibody. 
(F,G) USP2, but not USP3 or USP19, regulates the ubiquitination of PERI in HEK293 cells. (F) USP2a wild-type (USP2aWT) or inactive mutant (USP2aCA) was 
co-expressed with PERl-V5(His) 6 and HA-Ub in HEK293 cells. PERl-V5(His) 6 was isolated and analyzed as in panel (A). The ubiquitinated form of PERI is 
decreased in the presence of USP2aWT. This experiment was done twice, with similar results. Note that the ~200 kDa band is less broad than in other figures due to 
use of a minigel. (G) PERl-V5(His) 6 was expressed in HEK293 cells alone or with HA-tagged USP2b, Myc-tagged USP19 or USP3. Cells were lysed and cellular 
proteins were analyzed by immunoblotting with the indicated antibodies. (H,I) Levels of ubiquitinated PERI accumulate in Usp2 KO embryonic fibroblasts. 
(H) Lysates from either WT or Usp2 KO MEFs (unsynchronized) were analyzed by immunoblotting with anti-PERl antibodies. The ubiquitinated PERI protein 
levels were quantified and normalized to actin. Shown are a representative blot and the mean±SEM from three independent experiments. (I) Lysates were prepared 
from either WT or Usp2 KO MEFs at the indicated times following synchronization by a serum shock as in Fig. 3 and analyzed by immunoblotting with anti-PERl 
antibodies. The ubiquitinated PERI protein levels were quantified, normalized to y-tubulin and calibrated to the PERI levels of WT MEF at time 0. The immunoblots 
from two series of culture wells processed in parallel gave similar results and one series is shown here. The experiment was done twice using two different sets of 
MEFs prepared from embryos in different backcross backgrounds and similar results were seen in the two separate experiments. 
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cells with USP2b or a catalytically inactive mutant isoform did not 
affect the rate of degradation of the PERI protein, measured as the 
rate of disappearance of the protein following inhibition of protein 
synthesis with cycloheximide (Fig. 6B). This does not appear to be 



an artifact of overexpression, as loss of USP2 in the Usp2 KO MEF 
cells also had no effect on the stability of the endogenous PERI 
protein (Fig. 6C). Thus, USP2 appears to regulate PERI 
ubiquitination without significant effects on its overall stability. 
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Fig. 6. USP2 does not regulate the stability of PERI. (A) Wild-type and Usp2 KO MEFs were treated with proteasome inhibitor MG132 (10 LiM) for the indicated 
times prior to lysis. Cellular proteins were resolved by 5-10% gradient SDS-PAGE and analyzed by immunoblotting with anti-PERl antibodies. The high MW 
ubiquitinated PERI was quantified, normalized to tubulin and the sample without MG132 treatment was set at 100. Left: Representative immunoblot. Right: 
Quantification of ubiquitinated PERI bands from three individual experiments. Shown are mean±SEM. (B) PER1-V5 was expressed alone or with wild-type USP2b 
or inactive USP2bCA mutant in HEK293 cells. Twenty-four hours later, cells were treated with cycloheximide (150 (ig/mL) and lysed at the indicated times. Cellular 
proteins were separated by 5-10% gradient SDS-PAGE and analyzed by immunoblotting (left). Total (136 and 200 kDa bands) PERI was quantified and its 
disappearance over time plotted (right). Shown are the means from three independent experiments for each condition. In some studies, PERI levels increased between 
the 0 and 2 h time points and therefore the rate of disappearance of PERI is only shown starting at 2 h. (C) Wild-type and Usp2 KO MEFs were treated with 
cycloheximide (100 ug/mL) and processed as in (B). The high MW PERI was quantified, normalized to tubulin and the samples at 0 h set at 100%. Shown are 
mean±SEM from three independent experiments. 
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Discussion 

In this study, we demonstrate a role for deubiquitination in 
regulation of the circadian clock in vivo. Mice with an inactivated 
Usp2 gene exhibited a longer free-running period of locomotor 
activity rhythms (Fig. 1), indicative of a role in defining the 
speed at which the clock runs. In addition, Usp2 KO mice 
demonstrated altered light-induced resetting of the clock (Fig. 2), 
indicating an involvement of USP2 in light-dependent signaling 
pathways in the SCN. Thus, the USP2 deubiquitinating enzyme 
modulates the two major features of clock function - its intrinsic 
circadian rhythm and its capacity to respond to external cues. 

A recent report described the circadian characterization of 
Usp2 KO mice (Scoma et al., 2011). In contrast to our data, the 
authors found no difference in free-running period of wheel- 
running rhythms in KO mice compared to WT controls, and only 
a subtle phenotype in the response of the clock to light treatment 
(increased phase advances — like in our data — but only after a 
4-hour dim light exposure at ZT12, but not later in the night or at 
higher light irradiances). The difference might be due to the KO 
strategy (our KO mice lack exons 4 to 6, while the mice 
described in the other report lack exons 3 and 4). Also, the mice 
described by Scoma et al. appear to retain low amounts of a 
shorter form of the USP2b isoform, where the first exon of Usp2b 
was alternatively spliced in frame to exon 5, which was deleted in 
our mice. In any case, our description of Uspl KO mice is novel 
in that it presents alterations of free-running circadian behavior, 
of light-response by the clock in both the delaying and advancing 
parts of the phase response curve, and of clock gene expression in 
KO cells. 

The ability of USP2 to modulate these central functions of the 
clock suggested that it acts on the molecular clock machinery. 
Indeed, we observed a reduced amplitude of Per2 and Small 
mRNA rhythms and constitutively elevated levels of PERI 
protein in serum shock-synchronized Lfr/?2-deficient MEFs, 
compared to WT cells (Fig. 3, Fig. 5H,I). These high levels of 
PERI protein, and in particular of the 200 kDa ubiquitinated 
form, in KO fibroblasts, indicate a role for USP2 in post- 
translational regulation of clock proteins. 

Accordingly, we found that USP2 was able to interact with 
core clock proteins - PERI, PER2, CRY1, CRY2, and BMAL1. 
However, in vitro assays indicated that USP2 could only interact 
directly with PERI, suggesting that USP2 interacts with the other 
clock proteins by virtue of their being in a complex with PERI 
(Fig. 4). Expression of WT USP2, but not a mutant form or other 
deubiquitinating enzymes, leads to deubiquitination of PERI 
(Fig. 5) and inactivating the Usp2 gene increased levels of the 
—200 kDa ubiquitinated PERI (Fig. 5H,I), but surprisingly, 
USP2 did not alter the half-life of PERI (Fig. 6). This suggests 
a model where ubiquitination of PERI and its reversal by USP2- 
mediated deubiquitination modulate PERI function rather than 
its stability. This would be in accordance with Yagita et al.'s 
model for PER2: they proposed that PER2 is ubiquitinated and 
then degraded in the cytoplasm, unless retained in the nucleus by 
a previously undefined mechanism involving CRY proteins 
(Yagita et al., 2002). In light of the shorter half-life of USP2 
(compared to that of PERI) (Fig. 6B) and of its rhythmic 
expression peaking almost simultaneously with that of PERI 
(Oishi et al, 2005; Oishi et al., 2003; Storch et al, 2002; Yan et 
al., 2008), the deubiquitination of PERI by USP2 could be 
restricted to a specific circadian time and therefore be altering the 
function and/or localization of PERI to fine tune the molecular 



clock in physiological conditions. A possible increase of 
repression by PER/CRY complexes due to constitutively high 
levels of PERI (Fig. 5H,I) would be expected to lengthen the 
circadian cycle, consistent with the longer free-running period of 
Usp2 KO mice observed in our running-wheel experiments. Also, 
given the role of PERI in light-induced phase resetting of the 
SCN clock, an interesting possibility is that USP2 may participate 
in phase resetting via its activity on PERI ubiquination levels. 

This non-degradative role of USP2 is somewhat surprising as 
PER proteins have previously been shown to be substrates of the 
ubiquitin ligases P-TRCP1/2 and this ubiquitination regulates 
stability of the PER proteins by targeting them for degradation by 
the 26S proteasome (Grima et al., 2002; Ohsaki et al., 2008; 
Reischl et al., 2007; Shirogane et al., 2005). It will be of interest 
to subsequently determine whether the types of ubiquitin chains 
found on PERI are of types other than the classical chains linked 
via Lys48 residues that target proteins for recognition by the 
proteasome. It is possible that there is more than one pool of 
ubiquitinated PERI with each pool containing distinct types of 
chain linkages and having a different susceptibility to 
degradation. The latter scenario has been observed with the 
inositol 1,4,5-trisphosphate receptor 3, which is modified by 
either Lys48 or Lys63 chains, but only molecules modified with 
Lys48 chains are targeted for degradation (Sliter et al., 2011). In 
any event, it is clear that USP2 action on PERI is not simply the 
reversal of that of the (3-TRCP1/2 ligases. 

Our work has also provided additional characterization of 
PERI isoforms. Although most reports on PERI have only 
described a single isoform, we were able, using gradient gel 
electrophoresis, to confirm the previous report of Akashi et al. 
describing two isoforms of PERI (Akashi et al., 2002). In 
addition, we demonstrate clearly that the slower migrating 
isoform can arise as a result of ubiquitination and 
phosphorylation. 

Although we have clearly delineated a role for USP2 in 
modulating the ubiquitination level of PERI, this does not 
exclude the possibility that USP2 is involved in modulating the 
clock through additional mechanisms. As we have shown, USP2 
can interact indirectly with multiple clock proteins, so it remains 
possible that USP2 may modulate the ubiquitination and function 
of these other proteins. Indeed, in some of our studies, expression 
of USP2 isoforms increased steady state levels of BMAL1 
(Fig. 4B, right panels). Accordingly, other investigators have 
shown that UBP41, a truncated form of USP2, can deubiquitinate 
BMAL1 in vitro (Lee et al., 2008), and that in the presence of 
USP2b, BMAL1 appears less ubiquitinated and more stable 
(Scoma et al., 2011). Such deubiquitination in vivo could lead to 
lower transactivation potential, as ubiquitination of BMAL1 is 
correlated with transcriptional activity (Lee et al., 2008), while 
the stabilization of this protein is correlated with transcriptional 
repression (Dardente et al., 2007). 

Collectively, our studies show that the rhythmically- 
expressed deubiquitinating enzyme USP2 is an integral 
component of the clock machinery. By its action on the 
ubiquitination status of PERI, and possibly other clock proteins 
it interacts with, USP2 appears to exert a broad function, 
modulating both SCN central clock function (as seen by effects 
on both period length and response to photic stimuli) as well as 
peripheral clocks (as exemplified by our observations in 
embryonic fibroblasts). 
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Materials and Methods 

Locomotor activity measurements of Usp2 KO mice 

WT and Usp2 KO male mice were generated by breeding of heterozygous mice 
whose genetic backgrounds were 98.4% C57BL/6 (5 backcrosses with C57BL/6, 
starting from 50:50 C57BL/6:129Sv mice). At 2—3 months of age, the mice were 
housed in running wheel cages (Actimetrics, Wilmette, IL, USA) and entrained to 
a 12 h light (~~ 200 lux), 12 h dark (LD 12:12) cycle in a light-proof ventilated 
cabinet for 2 weeks prior to the start of experiments. Their running activity under 
the LD 12:12 cycle was recorded over the next 10 d. The following parameters 
were determined: activity onset and offset phase angle, daily overall activity and 
percentage of light phase activity. Animals were then transferred in constant 
darkness (DD) and recordings from days 3 to 14 in free-running conditions were 
used to define the internal period length, the circadian daily overall activity and the 
percentage of activity during subjective day. Next, entrainment properties to a 
jetlag simulation were determined in mice entrained to a LD 12:12 cycle for 10 d 
and then subjected to a 6 h delay (simulating westward flights) or a 6 h advance 
(simulating eastward flights). Phase resetting was characterized by the number of 
days required for full re- entrainment and by the shift (h) observed every day. 
Lastly, the phase-response curve for light-induced phase shifts was defined for WT 
and Usp2 KO mice, using an Aschoff type 2 procedure. Briefly, mice were 
entrained to a LD 12:12 cycle for 2 weeks before release in DD. On the first night 
after the end of LD or on the first subjective day in DD, a light pulse of 30 minutes 
was administered at CT8, 14, 20, 22, or 0/24, (circadian time (CT) 0 is the 
beginning of subjective day and CT12 is the beginning of the subjective night 
under DD) and the animal was then kept in DD for 10 days. Phase shifts are the 
difference, on the first day after the pulse, between regression lines fitted through 
activity onsets before and after the pulse. All data were analyzed using the 
Clocklab program (Actimetrics, Wilmette, IL, USA). Chi 2 periodogram analysis 
was used for measurement of the free-running period. Procedures involving 
animals were carried out in accordance with guidelines of the Canadian Council on 
Animal Care and approved by the Animal Care Committee of the Douglas Mental 
Health University Institute. 

Reagents, plasmids and cDNA constructs 

Cell culture media and Lipofectamine 2000 were from Invitrogen (Burlington, ON, 
Canada); proteasome inhibitor MG132 from Boston Biochem (Cambridge, MA, 
USA); N-ethylmaleimide (NEM), cycloheximide from Sigma (Markham, Ontario, 
Canada). Protease inhibitors (Mini Cocktail) were from Roche (Mississauga, 
Ontario, Canada). The following antibodies were used: rabbit anti-PERl 
(described previously) (Fahrenkrug et al., 2006), mouse anti-V5 [SV5-PK1], 
rabbit anti-V5, rabbit anti-Flag, rabbit anti-Myc (Abeam, Cambridge, MA,USA), 
mouse anti-Flag (M2), mouse anti-y-tubulin, mouse anti-ot-actin (Sigma), mouse 
anti-HA.ll (Covance, Montreal, QC, Canada), mouse anti-Myc (9E10) (Upstate, 
Lake Placid NY. USA), mouse anti-ubiquitin conjugates (FK2, International 
Bioscience, Brighton, East Sussex, UK), horseradish peroxidase (HRP)-coupled 
goat anti-rabbit and anti-mouse (Bio-Rad, Mississauga, Ontario, Canada). Protein 
A agarose and protein G plus agarose beads were from Santa Cmz Biotechnology 
(Santa Cmz, CA, USA). 

Plasmids expressing epitope tagged PERs (pCDNA3.1-mPER-V5-His 6 ) and 
epitope tagged CRYs (pCDNA3.1-mCRY-HA) were kindly provided by Dr Steven 
M. Reppert (University of Massachusetts Medical School, Worcester, MA) and Dr 
Charles J. Weitz (Harvard Medical School, Boston, MA), respectively. Plasmid 
expressing Myc-tagged BMAL1 was described previously (Travnickova-Bendova 
et al., 2002). Plasmids expressing Myc-tagged USP3 (pcDNA3.1-myc-His-Usp3) 
was kindly provided by Dr. Elisabetta Citterio (Netherlands Cancer Institute, 
Amsterdam, Netherlands) and plasmid expressing Myc-tagged USP19 was 
described previously (Lu et al., 2009). Oligonucleotides encoding Flag or HA 
tags were synthesized and subcloned into the EcoRI/BamHI sites or Xhol/Hindlll 
sites of the pRK5 plasmids (Addgene, Cambridge, MA, USA). cDNAs encoding 
rat USP2a (AF202453), USP2b (AF202454) or their shared core region (Lin et al, 
2000; Lin et al., 2001) were subcloned into the BamHI and Xhol sites of the 
modified pRK5 to generate the C-terminal Flag- or HA-tagged USP2a, 2b, and 
USP2 core proteins, respectively. The cysteine residue that is required for the 
catalytic activity of USP2 was mutated to alanine (rat USP2a C288A, and rat 
USP2b C67A) using the Quick-Change site-directed mutagenesis kit (Stratagene, 
Santa Clara, CA, USA). The HA-tagged ubiquitin expressing plasmid (HA-Ub/ 
pRK5) was from Addgene. 

MEFs, serum shock procedure, and quantitative PCR 

Embryos derived from matings of heterozygous Usp2 male and female mice were 
harvested at 13.5 dpc to generate primary MEFs. MEFs were grown in Dulbecco's 
modified eagle medium (DMEM) supplemented with 10% fetal bovine serum 
(FBS, GIBCO, Burlington, ON, Canada), 2 mM L-glutamine and 1% penicillin- 
streptomycin, in 95% humidity and 5% C0 2 at 37°C. Cells were then synchronized 
as described (Balsalobre et al. , 1 998), with minor modifications. Briefly, cells were 
plated in 6-well plates at 1 x 10 5 cells/well and grown to confluence. After an 
overnight serum starvation, cells were exposed to 50% horse serum for 2 h, 



followed by replacement with serum-free DMEM supplemented with 2 mM L- 
glutamine and 1% penicillin-streptomycin. At indicated times, WT and Usp2 KO 
cells were processed as follows. For RNA analysis, cells from each well were lysed 
in 1 mL TRIzol (Invitrogen, Carlsbad, CA) and the RNA was isolated as per the 
manufacturer's protocol. For protein analysis, cells from each well were lysed in 
10 mM Na phosphate pH 7.2, 1% Nomdet P40, 150 mM NaCl, 2 mM EDTA, 
50 mM NaF, 200 |lM Na 3 V0 4 and protease inhibitor cocktail (CompleteTM Mini; 
Roche) for 30 min on ice, collected by scraping, centriftiged at 4°C for 30 min at 
16,000 x g. The supernatants were kept at — 80 °C until analysis. 

For reverse transcription, 2 (Ig RNA was transcribed to cDNA using a high 
capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA). 
Quantitative PCR was performed on the real-time cycler ABI Prism 7500 (Applied 
Biosystems) using Power SYBR Green Master Mix reagent (Applied Biosystems) 
and either 500 nM (Perl, Perl) or 100 nM (Bmall, fi-actin) of each primer (the 
sequences of which are: Perl: forward 5 '-TTCAAGCTCTCAGGACTCTG-3 ' , 
reverse 5 '-GGCAGTTTCCTATTGGTTGG-3 ' ; Perl: forward 5'-CAGGAGAA- 
GCTGAAGCTGC-3 ' , reverse 5 '-GGACTGTCTTCCTCATATGG-3 ' ; Bmall: 
forward 5 ' -TGG AAG AAGTTGACTGCCTGGAAGG-3 ' , reverse 5'-GGCCCA- 
AATTCCCACATCTGAAGTTAC-3 ' ; fi-actin: forward 5 '-AGAGGGAAATC- 
GTGCGTGAC-3 ' , reverse 5 '-CAATAGTGATGACCTGGCCGT-3 ' ; primer 
efficiencies were verified using serial dilutions of cDNA) under the following 
conditions: 95°C for 10 min, 40 cycles of 95°C for 15 s and 60°C for 1 min. Each 
PCR reaction was carried out in triplicate. Values were normalized to /?-actin and 
calibrated to WT time 0 data using the AACt method (Livak and Schmittgen, 
2001). 

Cell culture, transfections and immunoblotting 

HEK293 and U20s cells were grown in Dulbecco's modified Eagle's medium 
(DMEM) supplemented with 10% fetal bovine serum and penicillin/streptomycin 
in 5% C0 2 at 37 °C. DNA transfection was performed using Lipofectamine 2000 
following the manufacturer's protocol. The indicated cDNA constructs in each 
experiment were adjusted with empty vectors to a total amount of 0. 1 (ig DNA/ 
cm 2 surface area of culture vessel. Lipofectamine 2000 was mixed with DNA in 
3:1 (V:W) ratio and applied to 80-90% confluent cells at the time of transfection. 
After 48 h, cells were lysed, depending on the experiment, in either TTE (20 mM 
Tris-Cl pH 8.0, 1% Triton X-100, 5 mM EDTA, 150 mM NaCl, 5 mM NaF, 
5 mM Na pyrophosphate, 1 mM Na 3 V0 4 , 1 mM PMSF), RIPA (50 mM Tns-Cl 
pH 8.0, 150 mMNaCl, 1% (V/V) NP-40, 0.5% (W/V) Na deoxycholate, 0.1% (W/ 
V) SDS, 1 mM Na 3 V0 4 , 1 mM PMSF), or TBS (50 mM Tris-Cl pH 8.0, 150 mM 
NaCl) lysis buffer containing 5 mM N-ethylmaleimide and protease inhibitor 
cocktail as previously described (Lu et al., 2009). Equal amounts of cellular 
proteins, determined with Micro BCA protein assay kit (Pierce, Rockford, IL 
USA), were analyzed by immunoblotting. 

For detection of ubiquitinated PERI, plasmids expressing PERl-V5(His) 6 and 
HA-Ub were co-transfected into HEK293 cells. His-tagged PERI was purified 
with Ni-NTA agarose beads (Qiagen, Toronto, Ontario, Canada) under denaturing 
conditions as described previously (Lu et al., 2009) and then analyzed by 
immunoblotting with anti-HA and anti-V5 tag antibodies. 

To determine whether the in vivo abundance of ubiquitin regulates the 
ubiquitination status of PERI, plasmids expressing PERl-V5(His) 6 were 
transfected into two U20s stable cell lines, U20s-shUb and U20s-shUb- 
HAUbWT (gifts from Dr. Zhijian J. Chen, U. Texas, USA). Tetracycline was 
then added to the cells (1 (i.g/mL) to induce expression of the shUb to silence the 
endogenous ubiquitin genes in both cell lines and simultaneously induce the 
expression of HA-tagged ubiquitin in the U20s-shUb-HAUbWT cell line (Xu, M. 
et al., 2009). The cells were lysed under denaturing conditions in TBS with 1% 
SDS. Cell lysates were analyzed by immunoblotting. 

For immunoblotting, protein from cell lysates were resolved by SDS-PAGE and 
transferred onto polyvinyl idene difluoride membranes. The membranes were 
incubated with the indicated primary antibodies then incubated with goat anti- 
mouse/rabbit secondary antibody conjugated to HRP, and finally with 
chemilumine scent substrate (ECL, Amersham, Piscataway, NJ, USA or Perkin 
Elmer, Waltham, MA, USA) and the signals detected with a cooled digital camera 
and quantified by Quantity One software (Bio-Rad). 

Co-immunoprecipitations 

For co-immunoprecipitation (co-IP) from transfected cells, cell extracts containing 
0.5—1 mg of cellular protein were preabsorbed with 50 jiL of 50% protein G plus 
agarose beads for 1 h. The cell lysates were then incubated and rotated with 1— 
2 (Xg of anti-V5, anti-Flag (M2), anti-HA. 1 1, anti-Myc and 30 ^L of 50% protein 
G plus agarose beads for 4 h or overnight at 4°C. After five washes with 1 mL of 
ice-cold lysis buffer including two washes with high salt (0.5 M NaCl) lysis buffer, 
the beads were resuspended in Laemmli buffer, boiled and the supernatant 
processed for immunoblotting. 

For co-IPs using in vitro translated proteins, plasmids encoding V5-tagged 
PERI, PER2 and PER3, HA-tagged CRY1 and CRY2, Myc-tagged BMAL1 and 
Flag-tagged USP2 isoforms were transcribed/translated in vitro using either TNT 
T7 or SP6 coupled reticulocyte lysate system (Promega, Madison, WI, USA) in the 
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presence of S-methionine (Perkin Elmer), according to the manufacturer's 
instructions. To determine whether USP2 directly interacts with these clock 
proteins in vitro, reciprocal co-IP was performed on mixtures of translated USP2 
and individual clock proteins. Five (iL of the translated clock proteins and Flag- 
tagged USP2 isoform were mixed in 200 |lL of TTE lysis buffer and 
immunoprecipitated with 1.5 (Ig anti-Flag (M2), anti-V5, anti-HA, or anti-Myc 
antibody. The immune complexes were separated by SDS-PAGE and analyzed 
after autoradiography. 

Alkaline phosphatase treatment 

PER1-V5 was expressed in HEK293 cells and the cells were treated with MG132 
for 6 h prior to lysis in TTE buffer containing 5 raM NEM and protease inhibitors 
but no phosphatase inhibitors. PER1-V5 was immunoprecipitated with anti-V5 
antibody, incubated for 2 h at 37°C in 75 (iL of 1 x reaction buffer containing 10 U 
of alkaline phosphatase (Promega), resolved on 5-10% SDS-PAGE, and 
immunoblotted with anti-V5 antibody. 

Cycloheximide treatment 

To determine whether USP2 regulates the stability of PERI, PER1-V5 was 
expressed alone or with USP2b WT or inactive USP2b CA mutant in HEK293 cells. 
After 24 h, the transfected cells were treated with cycloheximide (150 Ug/mL) and 
lysed at the indicated times in TTE buffer containing 5 mM NEM and protease 
inhibitors. To determine whether USP2 regulates the stability of endogenous PERI, 
Usp2 KO and WT MEFs were treated with cycloheximide ( 1 00 Ug/mL) and lysed as 
aforementioned. Cellular proteins were resolved by 5—1 0% gradient SDS-PAGE and 
analyzed by immunoblotting with the indicated antibodies. 

Mass spectrometry analysis 

HEK293 cells were transfected with plasmid encoding PER1-V5 or empty vector. 
Forty-eight hours later, the cells were lysed under denaturing condition in the 
presence of 1% SDS. PER1-V5 was immunoprecipitated from 120 mg of cellular 
protein with 30 (ig of anti-V5 antibody and processed as previously described (Lu 
et al., 2009). The eluates from IP pellets were separated in a 5-10% gradient gel by 
SDS-PAGE and stained with Coomassie blue G-250. The sample lanes both 
around and above 136 kDa were excised followed by in-gel trypsin digestion. The 
digested samples were analyzed by shotgun LC-MS/MS to identify proteins in 
these gel bands (Xu, P. et al., 2009). Proteins were identified by MS/MS spectra in 
a composite target/decoy database search (Elias and Gygi, 2007; Peng et al., 2003). 
Assigned peptides were filtered until all decoy matches were discarded. 

Statistics 

For wheel-running activity measurements, two-way ANOVA followed by post-hoc 
tests (Bonferroni post-tests) was used for comparison of kinetics of entrainment to 
advance and delays of LD cycle, and Student's t test was used for all other 
comparisons between genotypes. Chi-Squared Goodness-of Fit was used for the 
changes in PERI ubiquitination in presence of MG132. Two-way ANOVAs 
followed by post-hoc tests (Bonferroni post-tests) were also used for analysis of 
QPCR on MEF RNA extracts. Differences were considered to be significant if 
P<0.05. 
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